Microbial production of C 4 dicarboxylic acids from renewable resources has gained renewed interest. The yeast Saccharomyces cerevisiae is known as a robust microorganism and is able to grow at low pH, which makes it a suitable candidate for biological production of organic acids. However, a successful metabolic engineering approach for overproduction of organic acids requires an incorporation of a proper exporter to increase the productivity. Moreover, low-pH fermentations, which are desirable for facilitating the downstream processing, may cause back diffusion of the undissociated acid into the cells with simultaneous active export, thereby creating an ATP-dissipating futile cycle. In this work, we have studied the uptake of fumaric acid in S. cerevisiae in carbon-limited chemostat cultures under anaerobic conditions. The effect of the presence of fumaric acid at different pH values (3 to 5) has been investigated in order to obtain more knowledge about possible uptake mechanisms. The experimental results showed that at a cultivation pH of 5.0 and an external fumaric acid concentration of approximately 0.8 mmol · liter ؊1 , the fumaric acid uptake rate was unexpectedly high and could not be explained by diffusion of the undissociated form across the plasma membrane alone. This could indicate the presence of protein-mediated import. At decreasing pH levels, the fumaric acid uptake rate was found to increase asymptotically to a maximum level. Although this observation is in accordance with proteinmediated import, the presence of a metabolic bottleneck for fumaric acid conversion under anaerobic conditions could not be excluded.
F
umaric acid is a naturally occurring four-carbon dicarboxylic acid that is, e.g., used as a food acidulant and ingredient in beverages and pharmaceuticals (8, 14) . Furthermore, because of its double bond and two carboxylic acid groups, fumaric acid has many potential applications in the polymer industry, such as manufacturing synthetic resins and biodegradable plastics (14) . With an estimated annual production of about 90,000 tons, fumaric acid is currently produced by chemical conversion of maleic anhydride, which in turn is synthesized from butane in a petrochemical process (27) . Alternatively, it can also be produced via bioconversion of maleic acid by using bacterial strains, such as Pseudomonas alcaligenes (16) , or entirely biologically from renewable resources, via fermentation by filamentous fungi such as Aspergillus spp. and Rhizopus spp. (15) . Because the productivities of these fungi are not adequate at low pH values (i.e., pH values below the pK a value of the acid), a large amount of neutralizing agent (generally CaCO 3 ) has to be added during these fermentation processes to keep the culture pH within the desired range. This implies that during the downstream processing, the broth has to be acidified by the addition of sulfuric acid and heated to obtain both calcium fumarate and undissociated fumaric acid in their soluble forms, while calcium sulfate (gypsum) precipitates. Subsequently, fumaric acid is recovered via crystallization by cooling of the filtrate (27) . It would therefore be, from the recovery and downstream process point of views, a big advantage if the fermentation process could be carried out at a low pH, thus avoiding the excessive addition of CaCO 3 and the subsequent need for acidification and the resulting formation of gypsum. To achieve this, it is crucial that the applied fumaric acid-producing strain is able to produce at low pH values. The yeast Saccharomyces cerevisiae is an organism that is able to grow at low pH values (38) , although it does not naturally produce fumaric acid. Additional advantages of this organism are that its genome has been fully sequenced and that it is considered by the American Food and Drug Administration (FDA) as an organism generally regarded as safe (GRAS) (6) . In addition, in several recent studies, the yeast S. cerevisiae has been proposed as a cell factory for the production of bulk chemicals, such as malic, lactic, and citric acid from renewable substrates (1, 30, 36, 42, 43) .
An important aspect of organic acid production in microbial cell factories is the export of the product over the cell membrane with a sufficient capacity (30) . High extracellular acid concentrations require the export of the produced acid against a concentration gradient, which can be accomplished only via energyrequiring active transport mediated by specific proteins in the cell membrane (17) . However, few studies have been reported in this area. van Maris et al. (35) calculated the energy requirement for export of lactic acid at different extracellular pH values and concluded that under typical process conditions, export of lactic acid is unavoidably an energy-consuming process. According to thermodynamic equilibrium calculations carried out by Jamalzadeh et al. (17) , the most likely export mechanism for dicarboxylic acids at a low cultivation pH is a proton antiporter, importing one proton for each fumarate anion exported. This mechanism requires the export of three protons against the H ϩ gradient (proton motive force) per fumarate anion exported, which consists of two protons for Fum 2Ϫ and one for the antiported proton. With a proton/ATP stoichiometry of the yeast ATPase of 1, the export of fumaric acid would thus require 3 ATP per fumaric acid exported.
It should be realized, however, that in a fermentation process carried out at a low pH, the fumaric acid is predominantly present in the undissociated form. Active export of fumaric acid from the cells into the extracellular environment will thus result in a steep concentration gradient of the undissociated form over the plasma membrane. Assuming that the plasma membrane is permeable for the undissociated species, this will create a futile cycle of active export and diffusion back into the cells at the expense of metabolic energy (ATP) (17) . Investigation of the influx of fumaric acid into the cells as a function of the cultivation pH, and the mechanisms responsible for this, is therefore relevant to estimate the energy requirements for cycling of organic acids caused by diffusion of the undissociated acid into the cells at low pH.
Uptake of dicarboxylic acids in yeasts has been reported in several papers (4, 9, 11, 12, 26, 28, 32) . It is believed that several yeast strains, such as Schizosaccharomyces pombe, Candida sphaerica, Candida utilis, and Hansenula anomala, can import dicarboxylic acids via a proton symport mechanism. Cassio and Leao (10) proposed that the yeast C. utilis has two different systems for uptake of malic acid and other short-chain dicarboxylic acids. They suggested that the ionized forms of the acids are taken up via a proton symport system and that the undissociated form is imported by facilitated diffusion. They claimed that there is a simultaneous presence of low-and high-affinity transporter systems for malic acid in the cells grown on malic acid. Recently, Aliverdieva et al. (4) studied the transport of succinic acid in S. cerevisiae and proposed that the uptake of the acid occurs possibly via an Na ϩ symport mechanism. This was based on the observation that S. cerevisiae cells were able to oxidize succinate at a pH of 6.5 in the absence of undissociated acid. Uptake of malic acid by S. cerevisiae has been reported to occur via passive diffusion of the undissociated acid only (13) . As far as we know, the uptake of fumaric acid by S. cerevisiae has not yet been investigated. If the uptake of fumaric acid occurs via passive diffusion only, the uptake rate should be dependent on the extracellular pH and the concentration gradient across the cell membrane, which is relatively small at an extracellular pH value above the pK a values of the dicarboxylic acid (3.09 and 4.6 at standard conditions, respectively [3] ).
In this work, the uptake of fumaric acid in S. cerevisiae was investigated by performing fumaric acid step experiments under well-defined conditions in anaerobic, glucose-limited chemostat cultures. In these experiments, we studied the effect of the extracellular pH on the fumaric acid uptake rate to obtain information on the type of transported species and the uptake mechanism. Also, the effect of the extracellular pH and fumaric acid concentration on the physiology of the cells was taken into account.
MATERIALS AND METHODS
Strain and preculture conditions. The S. cerevisiae strain used in this study was the haploid strain CEN.PK113-7D (MATa) (34) . Strain stocks were kept in 20% glycerol at Ϫ80°C. Precultures were grown in 250-ml Erlenmeyer flasks with 100 ml of synthetic medium consisting of demineralized water, 15 g · liter Ϫ1 glucose, 5 g · liter Ϫ1 (NH 4 ) 2 SO 4 , 3 g · liter Ϫ1 KH 2 PO 4 , and 0.5 · g liter Ϫ1 MgSO 4 · 7H 2 O. Vitamins and trace elements were added as described previously (39) . Shake flask cultures were carried out at 30°C on a gyratory shaker at 200 rpm.
The composition of the mineral medium used for chemostat cultivation was the same as that described previously by Verduyn et al. (37) . The medium without the glucose and anaerobic growth factors was prepared in 20-liter vessels and was sterilized at 120°C for 20 min. The glucose was sterilized separately at 110°C for 20 min and was added later to the medium vessel to obtain a concentration of 25 g · liter Ϫ1 . Also, the anaerobic growth factors Tween 80 and ergosterol were added separately. The media used for the fumaric acid step experiment were identical, except they also contained different concentrations of sodium fumarate, namely, 1, 10, 20, 40, and 60 mmol · liter Ϫ1 , depending on the experiment.
Chemostat cultivation. Chemostat cultivations were inoculated with 100 ml of overnight-grown culture and were carried out anaerobically at a dilution rate of 0.1 h Ϫ1 at 30°C in a 2-liter fermentor (Aplikon, The Netherlands) with a working volume of 1 liter. Anaerobicity was maintained by sparging with nitrogen gas at a flow rate of 0.5 liters · h Ϫ1 (1.335 mol · h Ϫ1 ), and the stirrer speed was set at 500 rpm. Fermentations were performed at an overpressure of 0.3 bar in order to facilitate the rapid sampling procedure. Temperature control and pH control were performed with a Biostat Bplus system (Sartorius Stedim, Melsungen, Germany). The temperature was measured with an internal temperature probe and was kept at 30°C. The pH was measured with an internal pH probe (Mettler-Toledo) and was controlled at the desired level by titration with 4 M KOH and 2 M H 2 SO 4 . The carbon dioxide concentration in the off-gas was measured online with a combined paramagnetic/infrared analyzer (NGA 2000; Rosemount). The chemostat phase was initiated by switching on the feed and effluent pumps after the end of the batch phase, as observed by a sudden decrease of the CO 2 concentration in the off-gas. Steady-state chemostat growth was considered to be achieved after five residence times.
pH step-down experiment. A glucose-limited chemostat (D ϭ 0.1 h Ϫ1 ) was started at pH 5, and after steady state was reached, the pH set point was decreased step by step. Decreasing the pH set point resulted in a rapid decrease of the culture pH to the required value by automatic addition of a 2 M H 2 SO 4 solution via the pH controller. Biomass, ethanol, acetate, glycerol, and residual glucose concentrations were measured at each pH value after a steady state was reached. The pH was decreased stepwise until washout was observed. The carbon dioxide concentration in the off-gas was monitored online during the step-down experiment.
Transport experiments. Two different types of transport experiments were performed: (i) an experiment whereby the culture pH was decreased stepwise at a constant (1 mmol · liter Ϫ1 ) concentration of fumaric acid in the feed medium and (ii) experiments whereby the concentration of fumaric acid in the feed was increased stepwise at a constant cultivation pH.
pH step experiment. A glucose-limited chemostat (D ϭ 0.1 h Ϫ1 ) was started at pH 5, and after a steady state was reached, the feed medium was replaced by an identical medium containing 1 mmol · liter Ϫ1 of sodium fumarate. To achieve an instantaneous increase of the extracellular fumaric acid concentration to 1 mmol · liter Ϫ1 , 5 ml of sodium fumarate solution (200 mmol · liter Ϫ1 ) was injected into the fermentor. Starting at pH 5, the pH was decreased stepwise to 4, 3.5, and 3 and subsequently increased back to 5 in the same manner. For each pH value, extracellular fumaric acid, ethanol, glycerol, acetate, and residual glucose were monitored for a period of at least 48 h. During the first hour after each pH switch, the first sample was taken after 1 min, and subsequent samples were taken every 10 min. Sampling was performed every hour for the next 10 h and less frequently during the next day until at least 48 h had passed. This corresponded with a period of at least 5 residence times, which should be sufficient to reach a new steady state. This was verified by monitoring the CO 2 concentration in the off-gas.
Fumaric acid step experiment. A glucose-limited chemostat (D ϭ 0.1 h Ϫ1 ) was started at pH 5, and after a steady state was reached, the pH set point was decreased to the desired value (pH 3 or pH 4). After another three residence times, the fumaric acid concentration in the feed medium was increased stepwise by connecting different medium vessels, containing identical media supplied with either 1, 10, 20, 40, or 60 mmol · liter Ϫ1 of sodium fumarate. Directly after each increase of the sodium fumarate concentration in the feed, a concentrated sodium fumarate solution was injected in the fermentor to obtain the same concentration of sodium fumarate in the fermentor as that in the feed. Also in these experiments, which were carried out at both pH 3 and pH 4, the cultures were moni-tored for a period of at least 48 h after each step change of the fumaric acid concentration. The sampling schedule during these experiments was the same as that for the pH step experiment described above.
Rapid sampling and extraction. Samples of culture filtrate were taken by rapidly withdrawing approximately 5 ml of broth with a syringe containing precooled (Ϫ18°C) stainless steel beads (diameter of 4 mm) followed by immediate separation of the cells and the medium by filtration through 0.45-m-pore-size filters (Millipore Corporation) as described by Mashego et al. (22) .
For this sampling procedure, freezing of the samples should be avoided to prevent cell breakage and subsequent release of intracellular metabolites. Therefore, the target temperature of the samples was set at 1°C, and the required amount of stainless steel beads was calculated according to a heat balance equation (22) to equal 60 g. The samples were stored at Ϫ18°C prior to analysis.
Rapid sampling of broth was performed using a dedicated rapidsampling setup (Lange et al. 21) . Approximately 1 ml of broth was withdrawn and injected within 0.8 s into a tube containing 5 ml pure methanol precooled at Ϫ40°C, and the contents of the tube were immediately mixed by vortexing. The methanol-containing sampling tubes were kept at Ϫ40°C before and after sampling by placing them in a Ϫ40°C cryostat (Lauda). All tubes were capped to prevent water vapor condensation in the cold solution. Two fractions (500 l) from every tube were transferred to two empty preweighed tubes for metabolite extraction. The exact sample weights were determined by weighing all tubes before and after sampling and sample transfer. To the tubes containing the samples for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, 100 l of 13 C-labeled internal standard solution (0°C) was added before the extraction was carried out. The samples were kept at Ϫ40°C until extraction. Boiling ethanol extraction was performed immediately after the sampling was finished to ensure complete cell disruption and inactivation of enzyme activity. The extraction procedure was carried out as described by Lange et al. (21) . Sample concentration was accomplished by complete evaporation of the ethanol-water mixture under vacuum, as described by Mashego et al. (23) . Dried residues were resuspended in 600 l of demineralized water and centrifuged at 15,000 ϫ g for 5 min at 4°C. The supernatants were centrifuged for a second time under the same conditions. The samples were stored at Ϫ80°C until further analysis.
Analytical procedures. For determination of biomass dry weight, broth samples were taken directly from the fermentor, and 10 ml of broth was filtered in duplicate on preweighed filters with a pore size of 0.45 m (Pall Corporation). After the filters with cells were washed with 30 ml of demineralized water, they were dried in an oven at 70°C for 24 h. Before being weighed, the dried biomass samples were allowed to cool down to room temperature in a desiccator containing silica gel.
Fumaric acid, ethanol, acetate, and glycerol concentrations in the culture filtrate were determined by high-performance liquid chromatography (HPLC) analysis using a Bio-Rad HPX-87H 300 column (7.8 mm). The column was eluted with phosphoric acid (1.5 mmol · liter Ϫ1 in Milli-Q water) at a flow rate of 0.6 ml · min Ϫ1 . The injections had a volume of 10 l at 15°C. The detection was accomplished by a refractometer (Waters 2414) and a UV detector (Waters 484; 210 nm). Residual glucose was quantified with enzymatic assays using R-Biofarm (Boehringer Mannheim, Germany) test kits.
The fumaric acid concentrations in the total broth samples were determined by anion-exchange chromatography with electrospray ionization and tandem mass spectrometric detection (LC-MS/MS) as described by van Dam et al. (33) and with HPLC as described above.
Calculation of chemostat rates and data reconciliation. The biomass-specific net conversion rates, i.e., growth rate, glucose and fumaric acid consumption rates, and the production rates of carbon dioxide, ethanol, and glycerol during the steady state chemostat experiments, were calculated from their steady-state mass balances. Input data for these calculations were the primary measurements, that is, the measured or set gas and liquid flow rates as well as the concentrations of compounds in gas and liquid phase, including their experimental errors. Because with the available set of measurements an overdetermined system was obtained, data reconciliation and gross error detection could be applied. Under the constraint that the elemental conservation relations should be satisfied, standard data reconciliation techniques were used to obtain the best estimates of the net conversion rates with their standard errors, according to Verheijen (40) .
Modeling and simulations. Fumaric acid was assumed to enter the cells by passive diffusion of undissociated acid and facilitated uptake of one of the other fumaric acid species (undissociated, monodissociated, or doubly dissociated acid) mediated by a transporter protein. MichaelisMenten kinetics was applied to describe the specific uptake rate of fumaric acid by facilitated uptake as a function of the concentration of the acid, as shown in equation 1:
, q max is the maximum specific uptake rates of fumaric acid (mmol · Cmol Ϫ1 · h Ϫ1 ), K m is the affinity coefficient (mmol · liter Ϫ1 ) of the transporter, and C H i Fum is the concentration of fumaric acid species which is transported (mmol · liter Ϫ1 ). Index i refers to the number of hydrogen atoms (i ϭ 0 for doubly dissociated acid, i ϭ 1 for monodissociated acid, i ϭ 2 for undissociated acid). The concentration of undissociated acid is calculated as the product of the measured total fumaric acid concentration in the samples and the pH-dependent fraction of undissociated acid calculated by equation 2:
wherein f H 2 Fum is the fraction of undissociated acid, and K 1 and K 2 are the two dissociation constants of fumaric acid, which are derived from the pK a1 and pK a2 of the acid, respectively. [H ϩ ] represents the proton concentration which is calculated from the extracellular pH.
Because the values of the dissociation constants of dicarboxylic acids are dependent on the ionic strength of the solution (2), they were corrected for the ionic strengths of the intracellular environment and the extracellular medium for calculation of the undissociated extracellular fumaric acid fractions. The corrections were performed according to Alberty (2, 3), using the Gibbs energies of formation of the different acid species at standard conditions and the Debye-Hückel equation, whereby the temperature dependency of the Gibbs energies of formation were taken into account. The pK a1 and pK a2 values at standard conditions (25°C and zero ionic strength) are 3.09 and 4.6, respectively (3).
The measured specific fumaric acid uptake rates at different extracellular concentrations of undissociated acid obtained from the different transport experiments were used to estimate the kinetic parameters in equation 1.
The uptake model in equation 1, with the estimated parameters, was subsequently applied to simulate the dynamics of fumaric acid transport during the step experiments. Simulations were carried out by numerically solving the ordinary differential equation (ODE) derived from the mass balance for extracellular fumaric acid:
wherein F in is the medium inflow rate, F out is the broth outflow rate (liters · h Ϫ1 ), V is the culture volume (liters), C Fum,in and C Fum are the concentrations of total fumaric acid in the feed flow and in the culture medium, respectively (mmol · liter Ϫ1 ), C x is the biomass concentration (Cmol · liter Ϫ1 ), and q Fum is the specific uptake rate of fumaric acid (mmol · Cmol Ϫ1 · h Ϫ1 ) obtained from equation 1.
RESULTS AND DISCUSSION
pH step-down experiment. The aim of this experiment was to study the physiology of S. cerevisiae during growth at low pH (Ͻ5.0) and obtain reference data to be able to discriminate between the effects of low pH as such and the combined effect of low pH and the presence of fumaric acid. After a stable steady state at a dilution rate of 0.1 h Ϫ1 at pH 5 was obtained, the cultivation pH was decreased with steps of 0.5 pH units, and from pH 3 with smaller steps, until a pH of 2.5 was obtained. The cultivation time at each pH was 30 h, corresponding with three volume changes of the chemostat. The biomass concentrations, measured after a cultivation period of at least three volume changes at each pH value, are shown in Fig. 1 . It can be seen from this figure that the steadystate biomass concentration did not significantly change between pH 5 and pH 3.5. Below pH 3, the biomass concentration decreased steeply, until total washout at a culture pH below 2.5. Similar glucose-limited anaerobic chemostat experiments were performed, at the same dilution rate, by Verduyn et al. (38) at a pH range of 3.0 to 7.0 with a different strain of S. cerevisiae (CBS 8066). They also observed a decrease of the biomass concentration at decreasing pH values. However, for this strain, a steep decrease was already observed below pH 4.0 to reach a 50% decrease of the biomass concentration at pH 3.0. Fumaric acid transport experiments. (i) Experiment 1: constant fumaric acid feed at different cultivation pH values. To measure the effect of the pH on the uptake rate of fumaric acid, a similar pH step-down experiment was carried out as described above, but now in the presence of 1 mmol · liter Ϫ1 fumaric acid in the feed medium of the chemostat. As can be seen from Fig. 2 , the fractions of the different fumaric acid species, i.e., Fum 2Ϫ , HFum Ϫ , and H 2 Fum, are a strong function of the pH. Measurement of fumaric acid uptake at different pH values should therefore give an indication of which of these species is preferably taken up by the cells.
After obtaining a stable steady state at a dilution rate of 0.1 h Ϫ1 and pH 5, without addition of fumaric acid, the medium vessel of the chemostat was replaced by a vessel with an identical medium containing 1 mmol · liter Ϫ1 of sodium fumarate. At the same time, a sterile concentrated solution of sodium fumarate was injected into the chemostat to obtain instantaneously a fumaric acid concentration of 1 mmol · liter Ϫ1 . Subsequently, samples were taken to measure the change in the extracellular fumaric acid concentration in time. After cultivation periods of at least 48 h at each pH value, the pH was decreased stepwise to values of 4.0, 3.5, and 3.0 and thereafter increased in the same manner. The measured extracellular fumaric acid concentration during this experiment is shown in Fig. 3 . After injection of the concentrated fumaric acid solution into the chemostat, the concentration increased rapidly to approximately 1.1 mmol · liter Ϫ1 . Thereafter, a decrease was observed until a stable value of 0.77 mmol · liter Ϫ1 . Because the feed medium of the chemostat contained 1 mmol · liter Ϫ1 of fumaric acid, this decrease implied that part of the fumaric acid was consumed by the cells. When the pH was decreased to 4, and further to 3.5, the extracellular fumaric acid concentration decreased further but slightly increased when the pH was decreased to 3.0. The same was observed in a replicate experiment (data not shown). This slight increase could be explained by the approximately 15% lower biomass concentration at pH 3.0 than at pH 3.5 (results not shown), which was very similar for chemostat cultures without fumaric acid in the feed (see Fig. 1 ). From the specific fumaric acid uptake rates at pH values between 3.0 and 4.0, it can be seen that, in spite of the strong increase in the concentration of undissociated acid when the pH is decreased from 4.0 to 3.0, the change in the fumaric acid uptake rate is negligible (see Table 1 ). This could indicate that the cells have a limited specific uptake capacity for fumaric acid under these conditions and that a decrease of the biomass concentration would therefore result in a decreased volumetric consumption rate, resulting in an increase of the fumaric acid concentration in the chemostat.
When the pH was increased stepwise, in the same manner, back to the initial pH of 5.0, very similar residual fumaric acid concentrations were reached for each pH, as during the first part of the experiment, i.e., the part where the pH was decreased. From the measured concentrations of biomass, ethanol, glycerol, fumaric acid, and residual glucose as well as the carbon dioxide concentration in the off-gas, before the fumaric acid step and during each steady state reached at each different pH value, the reconciled net conversion rates were obtained, as described in Materials and Methods. The results are shown in Table 1 . It can be seen from this table that at a cultivation pH of 3.0, the specific glucose uptake rate and the production rates of ethanol and carbon dioxide were highest. This can be explained by a higher maintenance energy demand at this low pH, e.g., for maintaining the intracellular pH at the proper value. No significant differences in the biomass-specific net conversion rates (see Table 1 ) were observed between the different steady states at a cultivation pH higher than 3.
No significant differences were observed between the net conversion rates of the initial and final steady states at pH 5. This indicates that the physiological properties of S. cerevisiae did not change during chemostat cultivation and thus no adaptation occurred.
The specific uptake rate of fumaric acid is plotted as a function of the culture pH in Fig. 4 . It can be seen from this figure that the specific fumaric acid uptake increased at decreasing pH levels but leveled off at pH 3.5. Because in this pH range the concentration of undissociated acid increases at decreasing pH levels (Fig. 2) , this could indicate that the undissociated acid is the main species taken up by the cells.
If fumaric acid is transported across the cell membrane via passive diffusion of the undissociated acid only, the driving force for uptake is the concentration gradient of the undissociated acid over the cell membrane. Because the intracellular pH is close to neutral (19, 20) , virtually all fumaric acid inside the cells is present as the double-charged form, while the concentration of undissociated acid is negligible. Hence, at a low extracellular pH, the driving force is always from outside the cells to inside and not reversible. Furthermore, the rate of fumaric acid uptake is expected to be proportional to the driving force and thus, in this case, proportional to the concentration of undissociated acid outside the cells. A plot of the experimentally determined specific fumaric acid uptake rate versus the concentration of undissociated acid is shown in Fig. 5 . Remarkably, at pH 5.0, and thus at a very low extracellular concentration of undissociated acid (0.00054 mmol · liter Ϫ1 ), the rate of fumaric acid uptake appeared still considerably high (0.35 mmol · Cmol Ϫ1 · h Ϫ1 ) (see Table 1 ). If the uptake would be by diffusion of the undissociated acid only, this would correspond with a permeability coefficient of 0.35/0.00054 ϭ 650 liters · Cmol Ϫ1 · h Ϫ1 (Ϸ7 l · mg Ϫ1 · s Ϫ1 ). Comparison with the permeability coefficient for the diffusion of undissociated malic acid across the yeast plasma membrane (10) at pH 5.0, which was reported to be approximately 0.1 l · mg Ϫ1 · s Ϫ1 , reveals that the permeability coefficient for undissociated fumaric acid would be about 70 times higher. It seems therefore unlikely that passive diffusion is the only mechanism responsible for the observed fumaric acid uptake at pH 5.0 and that the import is possibly also mediated by a transport protein. Furthermore, it can be seen from Fig. 5 that the profile of the fumaric acid uptake rate versus undissociated acid is hyperbolic and reaches a maximum level. This is also an indication that fumaric acid uptake might be facilitated by membrane transporters. Slightly different fumaric acid uptake profiles were obtained for the first and the second parts of the experiment, i.e., for pH decrease and pH increase, respectively. This could indicate that small changes in membrane properties have occurred during prolonged chemostat cultivation, e.g., due to morphological changes (18, 24) .
(ii) Experiment 2: increasing fumaric acid concentration at a constant cultivation pH value. This experiment was carried out to investigate the uptake of fumaric acid and its possible effects on the cell physiology at concentrations well above 1 mmol · liter Ϫ1 . Two similar experiments were carried out, one at a cultivation pH of 4 and one at pH 3. After obtaining a steady state at a dilution rate of 0.1 h Ϫ1 and the desired pH (3 or 4) without the addition of fumaric acid, the medium vessel of the chemostat was replaced by a vessel with an identical medium, containing 1 mmol · liter Ϫ1 of sodium fumarate. At the same time, a sterile concentrated solution of sodium fumarate was injected into the chemostat to obtain instantaneously a fumaric acid concentration of 1 mmol · liter Ϫ1 in the fermentor. After reaching a new steady state, the fumaric acid concentration in the feed and the fermentor were increased in the same way as that described above. In this way, the fumaric acid supplied to the chemostat was increased step by step to feed concentrations of 10, 20, 40, and 60 mmol · liter Ϫ1 . The final concentration of 60 mmol · liter Ϫ1 was the maximum concentration which was possible for this experiment, because the solubility of fumaric acid at a cultivation temperature of 30°C is only slightly higher than 60 mmol · liter Ϫ1 .
The measured extracellular fumaric acid concentrations during both experiments are shown in Fig. 6A and B. It can be seen from Fig. 6A that immediately after the switch to the medium containing 1 mmol · liter Ϫ1 fumaric acid, the fumaric acid was taken up by the cells. This resulted in a gradual decrease of the residual fumaric acid level until a steady state was obtained. For both experiments (pH 3 and pH 4), similar steady-state levels were reached, as observed at the corresponding pH values in the transport experiment in the presence of 1 mmol · liter Ϫ1 of fumaric acid (Fig. 3) . Also in this experiment, the extracellular fumaric acid level was lower at pH 4 than at pH 3 for 1 mmol · liter Ϫ1 fumaric acid in the feed. Nevertheless, the biomass-specific fumaric acid uptake rates were not significantly different (see q Fum values in Tables 3 and 4) . At higher fumaric acid levels, the residual fumaric acid concentrations were always lower at pH 3, which could be a result of an increased rate of passive diffusion of undissociated fumaric acid, because the fraction of this species outside the cells is considerably higher at pH 3.
For the fumaric acid step experiment carried out at pH 4, no significant changes in the biomass-specific conversion rates were observed up to a fumaric acid concentration in the feed of 60 mM (see Table 2 ). For the experiment carried out at a cultivation pH of 3, a significant increase was observed only at the highest fumaric acid concentration of 60 mM (see Table 3 ).
Remarkably, in the experiment carried out at pH 3, the specific production rate of glycerol was significantly increased at 40 and 60 mM fumaric acid in the feed (see Table 3 ), which could indicate a redox problem, i.e., an increased rate of NADH production, which under anaerobic conditions can be counteracted only by an increased production of glycerol. However, the reason why increased fumaric acid consumption at a low pH would result in an increased production of NADH remains to be investigated.
It can be seen from Tables 2 and 3 that in both fumaric acid step experiments, except at the highest fumaric acid concentration at pH 4.0, the specific uptake rate of fumaric acid increased at increasing fumaric acid concentrations in the feed of the chemostat. Furthermore, the fumaric acid uptake rates for feed concentrations between 10 and 60 mmol · liter Ϫ1 were higher at pH 3.0 than at pH 4.0 (see Fig. 7 ). This could be explained by the fact that the concentration of undissociated fumaric acid is higher at pH 3 than at pH 4 (see Fig. 2 ), and thus diffusion of the undissociated form plays a bigger role.
However, uptake of other species cannot be disregarded (this is discussed further in the "Kinetics and model validation" section). Besides, similar to our observations in the pH step experiment, the fumaric acid uptake rate did not increase linearly at increasing undissociated acid concentration but shows a hyperbolic profile. From these observations, it could be concluded that the uptake of the fumaric acid is partly via passive diffusion of undissociated acid and to some extent via facilitated import of either undissociated or other fumaric acid species mediated by a membrane protein. This protein seems to be saturated at higher concentrations of fumaric acid and therefore has a maximum uptake rate (q max ). From the plateau in the fumaric acid uptake rate of 1.12 mmol · Cmol Ϫ1 · h Ϫ1 reached in the pH step experiment (see Fig. 5 ) and the much higher values observed in the fumaric acid step experiment at much higher concentrations of undissociated acid, it appears that there might be two or more proteins involved in this process, one with a low capacity and a high affinity for the acid, and one with a high capacity but a low affinity. This is confirmed by the measurements performed at a low concentration of fumarate in the feed (1 mM), and the results are in line with the findings of Cassio and Leao for malic acid uptake in C. utilis (10) .
Kinetics and model validation. As is shown in Fig. 7 , there are distinctly different responses in uptake of fumaric acid at pH 3 and pH 4. It is illustrated here as a function of the total fumaric acid concentration, but similar differences were found as a function of any type of the fumaric acid species. Based on these observations, it is concluded that the uptake kinetic properties are pH dependent. This has been shown for sugar uptake in S. cerevisiae, Rhodotorula gracilis, and soybean, whereby the affinity coefficient (K m ) was found to increase at decreasing pH levels, while the maximum uptake rate decreased (7, 25, 31) . Cassio and Leao (10) also reported that in C. utilis for succinic acid uptake. It has also been reported by the same research group that the membrane permeability coefficient for succinic acid increases at increasing pH values in C. spherica, H. anomala, and C. utilis (10) (11) (12) .
To verify whether the import of fumaric acid could be facili- tated by a transporter protein, the two-term mathematical model of equation 1 was used, based on a linear term which represents the passive diffusion of undissociated acid and Michaelis-Menten kinetics for facilitated uptake of undissociated acid (for details, see Materials and Methods). The parameters K d , K m , and q max were estimated by fitting the model to the experimental data on specific fumaric acid uptake rates versus the concentrations of the different fumaric acid species present (C H i Fum , with either i ϭ 0, 1, or 2 in equation 1) obtained from the different fumaric acid transport experiments. In each of the three cases, a reasonable fit was obtained where the permeability coefficient (K d ) increases with increasing pH values, while the maximum uptake rate and affinity coefficient decrease with increasing pH values. These results are similar to the findings of Cassio and Leao (10) . However, the predicted uptake at very low concentrations did not match the data, as also explained for experiment 1. Also, the predictions for experiment 2, obtained by simulations based on the estimated parameters, did not very well match the experimental data at high fumaric acid concentrations (Ͼ20 mmol · liter Ϫ1 ) in the feed. It can be concluded that this one transporter model might not be sufficient to describe the data. Based on these considerations, we assumed that fumaric acid uptake is also facilitated by an extra transporter protein with a high affinity to describe especially the step in the uptake at low concentration. The model is similar to equation 1, with an extra Michaelis-Menten term added:
Here, q max,low , K m,low , q max,high , and K m,high are the maximum uptake rate (mmol · Cmol Ϫ1 · h Ϫ1 ) and affinity coefficient (mmol · liter Ϫ1 ) for the low-affinity and high-affinity protein, respectively.
Experimental data at pH 3 and pH 4 (pH step and fumarate step experiments) were applied to estimate the kinetic parameters. The fitting results are shown in Fig. 7 and Table 4 for all three fumaric acid species. For all the species, the parameter results are nearly the same except for the low-affinity coefficient, K m,low (Table 4) , and the sum of squares of errors in each of these cases are hardly different (Ͻ1%). This is due to the fact that fumaric acid species concentrations change in the same manner by pH, and therefore it was not possible to distinguish which species is taken up by the membrane transporters. In this model, the permeability coefficient for the passive diffusion, K d , is found to be zero or at least small. The low-affinity transporter is characterized by a maximum uptake, which decreases with pH, and an affinity coefficient that increases or decreases depending on the chosen species. The lowaffinity coefficient, K m,low , with the monodissociated species could be considered close to constant. This suggests that the monodissociated species is transported. This argument is also used by others (11, 32) for similar systems. The high-affinity transporter appears to have a maximum uptake independent of pH, while only an upper bound can be given to its affinity coefficient. In conclusion, the two-transporter model is consistent with the data and does not preclude passive diffusion. Besides the two different models explained above based on passive diffusion with importers, we considered the possibility that import takes place only via passive diffusion, and it is controlled by the metabolic capacity of the cells to convert the fumaric acid by exporting the extra intracellular fumaric acid. A similar mechanism was suggested by Salmon (29) in S. cerevisiae. The metabolic network should then determine the limiting behavior that we observed. However, we were not capable to model the data with simple Michaelis-Menten relations for the metabolic bottleneck and the export mechanism. Also, the quick rise in uptake illustrated in Fig. 5 cannot be explained. This does not exclude the possible presence of an exporter with a more complicated export mechanism. More experimental data, including intracellular metabolites, are necessary to investigate this possibility. The estimated parameters for the transport model shown in equation 4 were substituted in the dynamic mass balance equation for fumaric acid in the chemostat mode in equation 3 to simulate the extracellular total fumaric acid concentration profiles as a function of time in the fumaric acid step experiments carried out at pH 3 and pH 4. The simulated and measured profiles are compared in Fig. 8 .
As shown in Fig. 8 , the simulation results show a good agreement between experimental and estimated data with the proposed uptake model for all transport experiments at both pH values. Based on these results, it can be concluded that the uptake of fumaric acid is facilitated by two or more membrane transporter proteins with high and low affinities for acid, whereby the kinetic properties of the transporters can be dependent on the cultivation pH. Based on our modeling and simulation results, we found that passive diffusion of the undissociated acid plays a minor role in the uptake of fumaric acid in S. cerevisiae.
Fumaric acid metabolism. All transport experiments in this study were carried out anaerobically, because it was assumed that under these conditions fumaric acid catabolism would not occur. In that case, it is expected that after some time an equilibrium will be reached between the intra-and extracellular fumaric acid concentrations. During the fumaric acid transport experiments at a constant fumaric acid concentration (1 mmol · liter Ϫ1 ) at a low cultivation pH (3 to 4), the extracellular fumaric acid concentration was observed to decrease to a steady-state level of about 0.2 to 0.3 mmol · liter Ϫ1 . It can be calculated that if no metabolic conversion of fumaric acid occurs, this would result in an intracellular fumaric acid concentration of 143 mmol · liter Ϫ1 , assuming a cell volume of 2.3 ml/g (dry weight). This seems to be an unrealistically high value, however, which is far above the solubility limit. To verify whether fumaric acid is metabolized under anaerobic conditions and, if so, to which extent, the levels of fumaric acid and other tricarboxylic acid (TCA) cycle metabolites were measured in total broth samples as well as in the culture filtrate. This allowed checking if the fumaric acid supplied to the chemostat via the feed medium is recovered in the effluent and which concentration of the fumaric acid is present inside the cells. The results obtained for the fumaric acid step experiments carried out at pH 3 and 4 are shown in Fig. 9 . It can be seen from this figure that the fumaric acid concentration in total broth decreased in time after each stepwise increase of the fumaric acid concentration in the chemostat. Furthermore, the measured fumaric acid level in the total broth samples was very similar to the levels in the filtrate samples at the corresponding sampling times (see Fig. 9 ). This clearly indicates that fumaric acid was metabolized as soon as it entered the cells.
Moreover, the concentrations of malate and pyruvate in total broth were observed to increase at increasing fumaric acid concentrations in the feed medium, for both fumaric acid step experiments at pH 3 and 4 (data not shown). This indicates that fumaric acid is converted to malate and further via malic enzyme to pyruvate and finally to ethanol under anaerobic conditions, e.g., via the malo-ethanolic pathway (41) . It has been reported that the malic enzyme of S. cerevisiae has a relatively low-affinity coefficient for malate (50 mmol · liter Ϫ1 ), e.g., compared to the one of S. pombe (3.2 mmol · liter Ϫ1 ) (41).
Boles et al. (5) reported an in vitro activity of the malic enzyme of S. cerevisiae CEN.PK113-7D, grown under identical conditions in anaerobic glucose limited chemostats, of 49 nmol · mg protein Ϫ1 · min Ϫ1 . This is equivalent to 30 mmol · Cmol Ϫ1 · h Ϫ1 , which is only slightly higher than the highest fumaric acid uptake rate measured in our experiments (approximately 19 mmol · Cmol Ϫ1 · h Ϫ1 at 60 mM fumaric acid in the feed and pH 3.0; see Table 3 ). It can therefore not be excluded that the hyperbolic shape of the plots of the fumaric uptake rate versus the external fumaric acid concentration (see Fig. 7 ) is (partly) caused by a metabolic bottleneck for which malic enzyme, due to its low capacity and low affinity, is the most likely candidate.
Conclusions. In this work, the uptake of fumaric acid was studied in S. cerevisiae under anaerobic conditions by performing fumaric acid step experiments whereby the effect of the cultivation pH and the external concentration of fumaric acid on the uptake rate and physiology of the yeast was investigated. The physiology of S. cerevisiae was not significantly affected at a cultivation pH of 4 and extracellular fumaric acid concentrations up to 50 mM. At pH 3, only the highest fumaric acid concentration of 50 mM resulted in a significant increase of the biomass-specific glucose consumption rate and the production rates of CO 2 and ethanol and thus in a decrease of the biomass yield. This can be explained by a higher energy demand for exporting the released protons in the cytosol at higher fumaric acid uptake rates in order to maintain the intracellular pH.
At fumaric acid concentrations above 20 mmol · liter Ϫ1 and a cultivation pH of 3.0, the specific production rate of glycerol increased significantly. This could be an indication for a redox imbalance resulting in an increased production of NADH.
We found that fumaric acid appeared to be converted as soon as it entered the cells. This was inferred from the observed increase of the levels of malate and pyruvate at increasing fumaric acid concentrations in the fermentor as well as the gradual depletion of extracellular fumaric acid in time at each fu- marate shift-up step. This conversion most probably occurred via malic enzyme to pyruvate and further to ethanol and carbon dioxide via so-called malo-ethanolic fermentation. Although the malo-ethanolic pathway was reported not to be active in S. cerevisiae, due to the low affinity of this enzyme (41) , it may be activated at high concentrations of fumaric acid. Enzyme activity measurements under the mentioned conditions would answer this question.
The experimental results cannot clarify whether the undissociated or a dissociated form of the acid is the main species which can be transported into the cells. Since the fumaric acid profile versus undissociated acid concentration was asymmetrical, it was concluded that the uptake of fumaric acid is not only happening via passive diffusion but also is facilitated by two or more membrane transporter proteins with a maximum capacity and different affinities.
Further investigations for identifying the transporter proteins in the membrane, measuring uptake of fumaric acid in the presence of other dicarboxylic acids, and the energetic of transport are desirable to obtain more knowledge about the transport of dicarboxylic acids in S. cerevisiae.
